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1. INTRODUCTION 
I .  
Due t o  the p o t e n t i a l  of s i g n i f i c a n t  f u e l  savings,  r e c e n t  i n t e r e s t  
has a r i s e n  over the  use of advanced turboprop (ATP) engines i n  commer- 
c ia l  a i r c r a f t .  However, preliminary i n v e s t i g a t i o n s  have shown t h a t  the  
i n t e r i o r  l e v e l s  of these a i r c r a f t '  s cabin exceed acceptab le  l eve l s .  
Several  transmission paths f o r  p r o p e l l e r  no ise  111 have been iden- 
t i f i e d .  The dominant path f o r  p rope l l e r  no ise  is the  d i r e c t  a i rbo rne  
pa th  from the p rope l l e r  blades through the cabin w a l l .  T r a d i t i o n a l  
passive techniques f o r  noise c o n t r o l  would require heavy damping m teri- 
a1 (or a d d i t i o n a l  mass) around the  p rope l l e r  plane f o r  the necessary 
no i se  reduction. This add i t iona l  weight f o r  no i se  reduct ion would 
o f f s e t  the p o t e n t i a l  f u e l  savings of ATP engines ,  therefore ,  i t  i s  
benef Lcial t o  i n v e s t i g a t e  a l t e r n a t i v e  methods f o r  i n t e r i o r  no i se  reduc- 
t ion.  As d i s c u s s e d  by Metzger [ l ] ,  one of the most promising a l t e r n a -  
t i v e s  to  passive techniques is synchrophasing. This technique involves 
synchronizing the r e l a t i v e  r o t a t i o n a l  phase of the turboprop engines t o  
achieve maximum i n t e r i o r  noise reduction. 
Promising results from previous experimental  i nves t iga t ions  [ 2,3 J 
have been acquired during i n f l i g h t  t e s t i n g  i n  an actual a i r c r a f t  fuse- 
lage.  However, t h i s  procedure w i l l  n o t  a l low the i n v e s t i g a t o r  t o  iso- 
la te  indiv idua l  parameters and correspondingly study t h e i r  e f f e c t  on 
synchrophasing. Although some progress  has been made, t h e  physical  
mechanisms behind the  synchrophasing concept are not  f u l l y  understood. 
In addi t ion ,  the in- f l igh t  t e s t i n g  can be expensive and time consum- 
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2. EXPERIMENTAL SETUP AND PROCEDURE 
A photograph of the experimental se tup  is presented i n  Fig. 1. The 
a i r c r a f t  fuse lage  is modeled as a f i n i t e  uns t i f  f ened aluminum cy l inde r  
0.508 m i n  diameter by 1.245 m long. The cy l inder  was formed from a 
1.63 mm th ick  aluminum shee t  and has an epoxy-bonded b u t t - j o i n t  seam 
with a 5 mm wide e x t e r i o r  strap. Future i n v e s t i g a t i o n s  w i l l  involve 
s tudying the  e f f e c t s  of more complex cy l inde r  geometries,  however, the 
purpose of t h i s  paper  is t o  present prel iminary r e s u l t s .  The cy l inde r  
is sea led  a t  both ends with 1.9 cm th ick  wooden end caps and is f r e e l y  
supported a t  the ends. The noise  d is turbances  due t o  the  p r o p e l l e r s  a r e  
modeled i n i t i a l l y  as monopole sources. Each monopole source is composed 
of a p a i r  of 60-watt Universi ty  Sound driver un i t s .  Extension tubes a r e  
a t t ached  t o  the  d r i v e r  u n i t s  enabling the  p a i r  of d r i v e r s  t o  more close- 
l y  approximate a s i n g l e  po in t  source. By using two d r i v e r  u n i t s  ins tead  
of one, source l e v e l s  can be increased enough to  e l i m i n a t e  most s igna l -  
to -noise  r a t i o  problems. I n  addi t ion ,  t h i s  w i l l  enable  the p a i r  of 
d r i v e r s  to  be used as a d ipole  source f o r  f u t u r e  inves t iga t ions .  A 
monopole source is mounted on each s i d e  of the cy l inde r  a t  the a x i a l  
c e n t e r l i n e  to  simulate the noise d is turbances  due to  t h e  propel le rs .  
The source he ight  can be var ied to  s tudy the e f f e c t  of asymmetric load- 
ing on synchrophasing, however, f o r  t h i s  i n v e s t i g a t i o n  both source 
he igh t s  are f ixed  a t  the  v e r t i c a l  c e n t e r l i n e  of t h e  cy l inder .  The 
sources  are r i g i d l y  mounted to  the gra ted  f l o o r  of the  anechoic chamber 
such that t h e  end of the extension tubes are 10.8 cm from the cy l in-  
d e r .  To s imulate  f r ee - f i e ld  condi t ions,  the experiments are performed 
i n  a 2.3 x 2.6 x 4 m anechoic chamber which has a low frequency cu tof f  
of 250 Hz. 
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A schematic diagram of the experimental  s e t u p  showing model d e t a i l s  
and microphone loca t ions  is presented i n  Fig. 2. Three 6-mm-diameter 
condensor microphones are mounted on an i n t e r i o r  t r ave r s ing  mechanism a t  
r a d i a l  pos i t ions  r/a = 0.150, 0.513, and 0.925. The microphone cab le s  
are passed through a hole  i n  one of t he  wooden end plates which is 
subsequently sealed with modeling clay.  These three  microphones are 
used t o  evaluate the  a x i a l ,  r a d i a l ,  and c i r cumfe ren t i a l  pressure d i s t r i -  
but ions inside t h e  cyl inder .  An0 the r  6-mm-diame ter condenser microphone 
is used t o  measure the a x i a l  and c i r cumfe ren t i a l  pressure d i s t r i b u t i o n  
on the e x t e r i o r  of t h e  cy l inder .  I n  add i t ion ,  two 6-mm-diameter conden- 
ser microphones are posi t ioned 5 . 4  cm d i r e c t l y  i n  f r o n t  of the two 
monopole sources and a r e  used t o  set  the amplitude and r e l a t i v e  phase 
(i .e. ,  synchrophase angle)  of each source. 
A schematic diagram of the da ta  a c q u i s i t i o n  system is presented i n  
Fig. 3 (a) .  A l l  microphone s i g n a l s  are conditioned with s i g n a l  condi- 
t i one r s  and amplif ied and f i l t e r e d  of low frequency noise  before  being 
fed i n t o  a switching box. Nine small accelerometers  a r e  mounted equal ly  
spaced around t h e  circumference of the  cy l inde r  i n  the  source plane (x / a  
= 0.0) t o  measure the  modal response of the  s h e l l  due t o  source exc i ta -  
t ion .  The accelerometer signals are conditioned and are fed i n t o  t h e  
switching box. A l l  of the microphone and accelerometer  s igna l s  a r e  i n  
turn  processed with a two channel F a s t  Four ie r  Transform Analyzer. The 
cutoff  frequency was set  to  1500 Hz giv ing  a frequency bandwidth of 7.3 
Hz. A phase meter and osc i l loscope  a r e  used to  monitor the amplitudes,  
r e l a t i v e  phase, and waveforms of a l l  the t ransducer  s igna l s .  
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A schematic diagram of the  source genera t ion  system is  presented i n  
Fig. 3(b).  The re ference  pure tone s i g n a l  f o r  the noise  source i s  
generated by a funct ion  generator  and is  monitored by a frequency count- 
er. The re ference  s igna l  i s  fed i n t o  a gain-phase board where the ga in  
and phase  of two channels are s e t  independently based upon the  s i g n a l s  
from the source microphones. The s i g n a l s  from the  gain-phase board are 
then amplif ied and s e n t  t o  t h e  monopole sources.  A d i g i t a l  voltmeter is  
used to  monitor the  output  voltages of the  a m p l i f i e r s  t o  ensure that the  
sources  are no t  being overloaded. 
Figure 4 shows the coordinate system used i n  t h i s  inves t iga t ion .  
The i n t e r i o r  microphones were i n i t i a l l y  pos i t ioned  ho r i zon ta l ly  i n  the  
source plane towards source I (i .e. ,  x/a = 0.0, 8 = 0'). Pressure 
measurements were recorded f o r  t h e  th ree  r a d i a l  microphone s t a t i o n s  over 
the range of synchrophase angles of $ = 0 t o  360 using 45 degree phase 
increments. Addit ional  pressure measurements were recorded a t  f i v e  
degree phase increments around the optimum synchrophase angle  of each 
i n t e r i o r  microphone. While in the  source plane (x/a  - O.O), t h i s  proce- 
dure is repeated i n  the uppe r  half of the cy l inde r  a t  four  a d d i t i o n a l  
c i r cumfe ren t i a l  pos i t i ons ,  8 = 4 5 ,  90, 135, and 180 degrees. This 
procedure i s  a l s o  repeated i n  the ho r i zon ta l  source plane ( a t  0 = 0')
f o r  a x i a l  pos i t i ons  x/a = 0.4, 0.8 and 1.6. Exter ior  microphone mas- 
urements were recorded a t  f i f t e e n  a x i a l  pos i t i ons  i n  the ho r i zon ta l  
source plane ( a t  8 = 0') f o r  synchrophase angles  of 41 = 0 and 180 de- 
grees.  F ina l ly ,  e x t e r i o r  microphone measurements were recorded i n  the 
p rope l l e r  plane a t  seven c i rcumferent ia l  pos i t i ons  f o r  synchrophase 
angles  of + = 0 and 180 degrees. A l l  measurements were completed f o r  
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p u r e  tone source condi t ions  of 680 and 708 Hz. These f requencies  were 
chosen because they a r e  within a range of t y p i c a l  scaled fundamentals of 
t he  propel le r  noise.  The fundamental frequency of the p rope l l e r  no ise  
is sca led  based upon the diameters of business  and small body a i r c r a f t  
t o  t h a t  of the  fuse lage  model. A t h i r d  case was run with the source 
condi t ions  again set to  708 Hz. However, f o r  t h i s  case a l a y e r  of 12.7- 
nun-thick f l e x i b l e  polyurethane polyes te r  foam was placed  on the i n t e r i o r  
of the cyl inder  covering 145 degrees of the bottom of the cy l inde r ,  i n  
order  t o  inves t iga t e  the inf luence  of cav i ty  a c o u s t i c  input  impedence on 
the  system response. 
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3. MODAL DECOMPOSITION OF SHELL VIBRATION 
The r a d i a l  v i b r a t i o n  response of the cy l inde r  was measured f o r  t he  
modal decomposition algorithm presented i n  the  appendix. The r e l a t i v e  
amplitudes and phases of the nine equal ly  spaced accelerometers  were 
measured over a range of synchrophase angles  from 4 = 0 t o  360 degrees 
using 45 degree phase increments. Resul t s  from the  decomposition algo- 
rithm defined the r e l a t i v e  modal composition of the cy l inder  wi th in  the  
sampling r e s t r i c t i o n s  of t h e  transducers thereby enabl ing t h e  dominant 
mode of the cy l inder  t o  be determined f o r  var ious  synchrophase angles .  
The modal composition of the cyl inder  provides phys ica l  i n s i g h t  i n  
understanding how sound is  transmitted i n t o  the model. 
The decomposition technique used i n  t h i s  i nves t iga t ion  is similar 
t o  methods proposed by Moore [SI and S i l cox  and Lester [6] .  The r a d i a l  
displacement of a cy l inder  a t  any given time can be represented by a 
Four ie r  series of s i n e s  and cosines as follows. 
When a cy l inder  is exc i ted ,  c i rcumferent ia l  waves propagate i n  both 
d i r e c t i o n s  around the  cy l inder  combining to  c r e a t e  an in t e r f e rence  
p a t t e r n  o r  s tanding wave. To solve f o r  the  complex modal amplitudes An 
and B,, equation (1) is  multiplied by cos(m8) and sin(me),  r e spec t ive ly ,  
and in t eg ra t ed  from 0 to  2n. Thus, 
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where m = 0,1,2,3, . .= and the time dependence ejwt has been omitted. 
By u t i l i z i n g  the or thogonal i ty  c h a r a c t e r i s t i c s  of the  s i n e  and cosine 
func t ions ,  equations (2 )  and ( 3 )  can be reduced and rearranged t o  so lve  
e x p l i c i t l y  f o r  t h e  modal amplitudes. The r e s u l t i n g  equat ions are 
where E = 2 f o r  n = 0 
E: - 1 f o r  n > 0 
n = 0,1,2,3,...~. 
If !(e) is known completely as a func t ion  of 8, a l l  of the modal ampli-  
tudes can be determined. In  practice, however, !(e) is known only a t  
d i s c r e t e  points  around the cyl inder .  Therefore,  the i n t e g r a l s  of equa- 
t i ons  (4) and ( 5 )  m u s t  be represented as summations of the  form 
N 
-P 
= -  w ( e  ) s in(ne  )A6 Bn En p=l  " P  P P  (7) 
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. 
where Np is t he  number of c i r cumfe ren t i a l  base p o s i t i o n s  
and A8 = 2n/N f o r  equal ly  spaced base pos i t ions .  
P P 
I n  p rac t i ce ,  t he  assumed mode shapes are f i t t e d  t o  the measured 
da ta ,  thus,  any measurement e r r o r s  o r  con t r ibu t ions  from modes excluded 
from the  decomposition model could cause se r ious  e r r o r s  i n  the  results 
of the  decomposition. The decomposition w i l l  always reproduce the  
measured data with in  the  cons t r a in t s  of the system, however, exc lus ion  
of s i g n i f i c a n t  higher  order  modes r e s u l t s  i n  a fo ld ing  back of these  
modes known as a l i a s ing .  How the a l i a s i n g  occurs (i.e.,  which higher  
order  f o l d  back i n t o  which lower o rde r  modes) is d i c t a t e d  by the  number 
of base points.  
I n  t h i s  i nves t iga t ion ,  the h ighes t  o rder  mode obtained from the 
decomposition model was the n - 4 mode. I n  practice, the  most e f fec-  
t i v e l y  exc i t ed  modes are the  n = 0, 1, and 2 modes. The decrease i n  the  
n = 3 and n = 4 modes i n d i c a t e s  a genera l  reduct ion  i n  the l e v e l s  of the  
higher  order  modes, thus, the decomposition was n o t  expanded fu r the r .  
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4 .  RESULTS AND DISCUSSIONS 
4.1 Driving Frequency of 680 Hz 
The results presented below are from t h e  case wi th  pure tone source 
condi t ions  of 680 Hz. Figures  5 (a )  and 5(b) show a comparison of t he  
axial  and c i rcumferent ia l  p ressure  d i s t r i b u t i o n s  on the e x t e r i o r  of the 
cy l inde r  for synchrophasing angles  of I$ = 0 and 180 degrees. Although 
p r o p e l l e r  sources are better modeled as d ipo le s ,  the  axial  and circum- 
f e r e n t i a l  pressure d i s t r i b u t i o n s  on the  exterior of the  cy l inde r  due t o  
the  monopole sources  used i n  t h i s  i n v e s t i g a t i o n  are s u r p r i s i n g l y  similar 
t o  those measured on the exterior of an a c t u a l  twin-engine turboprop 
a i rcraf t  fuselage (71. This  r e s u l t  j u s t i f i e s  the  sources  used i n  t h i s  
i nves t iga t ion  and eliminates the s a f e t y  problems a s soc ia t ed  wi th  using 
actual p rope l l e r  sources.  The axial  p re s su re  d i s t r i b u t i o n  on the  ex ter -  
i o r  of the  cy l inder  is symmetric about the  p r o p e l l e r  plane. and decays 
about  13 dB by two cy l inde r  r a d i i .  The s i m i l a r i t y  between t h i s  result 
and those from reference  7 implies  t h a t  t he  p re s su re  f o r c i n g  func t ion  a t  
t h e  fuselage su r face  is due t o  the  nea r  f i e l d  of each source or a very 
d i r e c t i o n a l  source. The synchrophase ang le  appears  t o  have n e g l i g i b l e  
e f f e c t  on the ax ia l  pressure d i s t r i b u t i o n  a t  0 = 0 degrees. However, 
t he  synchrophase angle  has a s i g n i f i c a n t  e f f e c t  on the  c i r cumfe ren t i a l  
pressure d i s t r i b u t i o n  f o r  8 > 45 degrees. This  i n d i c a t e s  t h a t  the  nea r  
f i e l d  of the source has s u b s t a n t i a l l y  decayed i n  t h i s  region thereby 
allowing d i f f r a c t i o n  effects around the cy l inde r  t o  become important. 
The c i rcumferent ia l  p ressure  d i s t r i b u t i o n  is symmetric about the  hori-  
zon ta l  source plane and decays 13-16 dB f o r  a synchrophase ang le  
of I$ = 0 degrees and 40-42 dB f o r  a synchrophase angle  of I$ = 180 
degrees. The more r ap id  decay i n  the  c i r cumfe ren t i a l  p ressure  d i s t r i b u -  
t i o n  f o r  a synchrophase angle  of @ = 180 degrees can be explained us ing  
a n  i n t e r f e r e n c e  i n t e r p r e t a t i o n .  Near a po in t  of symmetry between the  
sources  ( i . e . ,  8 = goo), cance l l a t ion  occurs  as the  con t r ibu t ion  from 
each source i s  r e l a t i v e l y  equal.  However, i n  a reg ion  near  8 = 0 o r  180 
degrees the  con t r ibu t ion  from each ind iv idua l  source dominates the  
e x t e r i o r  p re s su re  f i e l d  and the  synchrophase angle  has l i t t l e  e f f e c t .  
Figure 6 shows the  r e l a t i v e  c i r cumfe ren t i a l  modal ampli tudes of the 
cy l inde r  versus  synchrophase angle i n  the  source plane f o r  modes n - 0 
t o  4. The modal response of the  cy l inde r  is dominated by the A2 circum- 
f e r e n t i a l  mode. For an idea l  cy l inder  with the sources  symmetrically 
pos i t ioned  as shown i n  Fig. 2, the  Bn modes should t h e o r e t i c a l l y  be 
zero. However, the decomposition results show s i g n i f i c a n t  B, modes with 
the  n = 2 mode dominating. The decomposition results i n d i c a t e  b a s i c a l l y  
three  levels of modal exc i t a t ion .  F i r s t ,  An modes are generated i n  the  
cy l inde r  from d i r e c t  source exc i ta t ion .  Second, the Bn modes are pre- 
dominantly generated by a coupling e f f e c t  with the  A n  modes due t o  
cy l inde r  asymmetry and the  presence of the  bu t t - jo in t  seam along the 
cy l inder .  The f a c t  that the B, modal amplitudes are gene ra l ly  very 
similar t o  the modal amplitudes over  the  range of synchrophase angles  
supports  t h i s  theory. S imi la r  coupling behavior i n  asymmetric cy l inde r s  
exc i t ed  by an i n t e r n a l  a c o u s t i c  plane wave has been observed by Youri 
and Fahy [8]. T h i r d ,  a f r ac t ion  of the  Bn modal amplitudes are gene- 
r a t e d  due t o  s l i g h t  source asymmetry. This  f r a c t i o n  of Bn modal ampli- 
tudes are uncoupled t o  the  An modes. 
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As discussed i n  re ference  4, theore t i c a l l y  the  optimum synchrophase 
angle  f o r  even An modes and odd Bn modes is Q = 180 degrees.  In  con- 
trast, the  optimum t h e o r e t i c a l  synchrophase angle  f o r  odd An modes and 
even Bn modes i s  Q = 0 degrees. The results of the decomposition are 
genera l ly  similar to  the a n a l y t i c a l  r e s u l t s ,  however, increased modal 
response near 4 = 45 degrees tends t o  mask t h i s  e f f e c t  somewhat. Dis- 
crepancies  from the  expected t h e o r e t i c a l  results are p a r t l y  due to  
cy l inde r  imperfections and a s soc ia t ed  mode coupling as discussed previ-  
ously. The cy l inder  imperfections s i g n i f  i c a n t l y  a l te r  the  modal compo- 
s i t i o n  of the cy l inder  and the contained a c o u s t i c  f i e l d ,  and thus w i l l  
a f f e c t  the  r e s u l t s  of t h i s  experimental  i nves t iga t ion .  These results 
i l lustrate the  need f o r  monitoring the v i b r a t i o n  response of the cy l in-  
d e r  i n  conjunction wi th  the i n t e r i o r  a c o u s t i c  f i e l d  i n  order  t o  success- 
f u l l y  explain the r e s u l t a n t  e f f e c t s .  
Figure 7 shows the r e l a t i v e  r a d i a l  displacement and phase of the 
cy l inde r  i n  t h e  source plane (x/a = 0.0) f o r  two con t r a s t ing  synchro- 
phase angles  of 45 and 180 degrees. I n  practice, the  r a d i a l  response of 
the cy l inder  was measured only a t  the  nine base po in t s ,  however, the 
r a d i a l  response  a t  o the r  c i r cumfe ren t i a l  p o s i t i o n s  can be in t e rpo la t ed  
f o r  based upon the results from the decomposition model. This f i g u r e  
assumes that the decomposition model includes a l l  con t r ibu t ing  modes, 
thus,  any measurement e r r o r s  or a l i a s i n g  e f f e c t s  could s i g n i f i c a n t l y  
al ter the  r e s u l t s  of t h i s  f igure .  Based upon the  decomposition results, 
the r a d i a l  displacement of t h e  cy l inder  i s  d i s t o r t e d  somewhat i nd ica t ing  
the complex v ib ra t ion  
r a d i a l  d i splacemen ts  
response of the cyl inder .  The r e l a t i v e l y  small 
ca l cu la t ed  near  c i r cumfe ren t i a l  p o s i t i o n  8 = 90 
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degrees are most l i k e l y  due to  the e x t e r i o r  seam which runs along the  
top of the cy l inder  a t  t h i s  posi t ion.  The r e l a t i v e  r a d i a l  displacement 
decreases  s i g n i f i c a n t l y  when the synchrophase angle  is changed from $ = 
45 degrees  to  $ = 180 degrees. This result ind ica t e s  t h a t  synchrophas- 
ing  has p o t e n t i a l  uses  in v ib ra t ion  c o n t r o l  as w e l l  as i n t e r i o r  no i se  
cont ro l .  Although a l l  fou r  lobes are no t  d i s t i n c t ,  Figure 7 shows a 
mode shape somewhat similar to the  A2 mode with the  phase changes of 180 
degrees through nodal po in t s  being apparent.  However, t he  mode shape is 
somewhat d i s t o r t e d  due t o  s i g n i f i c a n t  con t r ibu t ions  from the  Ao, B1, and 
B2 modes. 
Figure 8 shows the i n t e r i o r  pressure  measurements versus  synchro- 
phase angle  i n  the  source plane a t  the three  r a d i a l  microphone s t a t i o n s  
f o r  c i rcumferent ia l  pos i t i on  0 = 0 degrees. The peak sound p r e s s u r e  
l e v e l  a t  t h i s  c i rcumferent ia l  pos i t ion  is 116 dB. This  f i g u r e  shows 
t h a t  the p o t e n t i a l  no i se  reduction is a wide band phenomena w i t h  respect 
t o  the  synchrophase angle.  The r e s u l t s  i nd ica t e  t h a t  no i se  con t ro l  by 
synchrophasing is no t  l i m i t e d  to j u s t  two and four  bladed turboprops bu t  
can be used i n  multibladed turboprops. For example, i f  a synchrophaser 
c o n t r o l l i n g  an  e i g h t  bladed propel le r  had a s h a f t  s t a b i l i t y  of * 5 O ,  t h i s  
t r a n s l a t e s  t o  *40° of synchrophase angle  s t a b i l i t y .  The corresponding 
minimum sound pressure l e v e l  reduction is approximately 8dB over t h e  
synchrophase angle  bandwidth. This is of the order  of reduct ion meas- 
ured i n  real a i r c r a f t  using synchrophasing [ 2 ] .  
The p o t e n t i a l  no ise  reduction varies from 15-25 dB depending on 
r a d i a l  pos i t ion .  The optimum synchrophase angles  f o r  t h e  th ree  rad ia l  
s t a t i o n s  range from + = 190 to $ = 225 degrees. These results can be 
explained by consider ing the r a d i a l  v i b r a t i o n  response of the  s h e l l .  
The monopole sources  excite a series of c i r cumfe ren t i a l  modes i n  the  
s h e l l  wall which in turn  couples t o  the  contained a c o u s t i c  f i e l d  v i a  the  
momentum boundary condition. Thus the t o t a l  a c o u s t i c  pressure a t  a 
given i n t e r i o r  l oca t ion  c o n s i s t s  of a superpos i t ion  of varying con t r i -  
but ions from the c i rcumferent ia l  modes. The v a r i a t i o n s  i n  the con t r i -  
but ions depend on i n t e r i o r  l oca t ion  and are d i c t a t e d  by t h e  Bessel 
func t ion  coupling behavior of t h e  c i r cumfe ren t i a l  modes. The dominant 
mode generated i n  the 680 Hz case is the  n = 2 mode with s i g n i f i c a n t  
cont r ibu t ions  coming from the n = 0 and 1 modes. A t  c i r cumfe ren t i a l  
p o s i t i o n  8 = 0 degrees,  the con t r ibu t ions  to  the i n t e r i o r  pressure 
l e v e l s  from the Bn modes are t h e o r e t i c a l l y  zero. With the dominant An 
mode being even (i .e. ,  n = 2 ) ,  t h i s  implies  t h a t  the optimum synchro- 
phase angle should be near @ = 180 degrees  as shown i n  Fig. 8. The 
small deviat ions from the expected optimum synchrophase angle  of @ = 180 
degrees are  due t o  minor con t r ibu t ions  from the An and Bn modes which 
have an optimum synchrophase angle  near  @ = 0 degrees. The minor 
cont r ibu t ions ,  from the  Bn modes are caused by the coupling e f f e c t s  d u e  
t o  cyl inder  imperfections as discussed earlier. The v a r i a t i o n  of the  
optimum synchrophase angle  w i t h  r a d i a l  p o s i t i o n  is due to  d i f f e r i n g  
contr ibut ions from the c i rcumferent ia l  modes a t  the d i f f e r e n t  r a d i a l  
pos i t ions .  
I n t e r i o r  pressure l e v e l s  a t  8 = 0 degrees  are very s e n s i t i v e  to  the  
synchrophase angle. This is true even near  the cy l inde r  w a l l  a t  r/a = 
0.925. However, as shown i n  Fig. 5(a)  the e x t e r i o r  pressure d i s t r i b u -  
t i o n  a t  0 = 0 degrees  is e s s e n t i a l l y  unaffected by the synchrophase 
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angle.  This  result ind ica t e s  the sound is n o t  being t ransmi t ted  d i r e c t -  
l y  i n t o  the cy l inder  v ia  a loca l ized  area of the wall  bu t  ins tead  ex- 
cites a series of c i rcumferent ia l  modes which subsequently couple t o  the 
i n t e r i o r  acous t i c  f i e l d .  Thus, the r ep resen ta t ion  of an  a i r c r a f t  fuse- 
lage  as a f i n i t e  f l a t  p l a t e  or  curved panel may be inadequate a t  low 
frequencies .  
The pressure  response a t  r a d i a l  p o s i t i o n  r/a = 0.925 i n d i c a t e s  t h e  
transmission l o s s  through the s h e l l  is as low a s  -3dB. Typical sea led  
s h e l l s  normally give a s i g n i f i c a n t  t ransmission l o s s ,  however, i n  this 
case, the  low transmission l o s s  is apparent ly  due t o  the  i n t e r a c t i o n  of 
the  two sources. When a s i n g l e  source was used, a t ransmission l o s s  of 
around 30dB was measured. 
- 
Figure 9 shows the i n t e r i o r  pressure measurements versus  synchro- 
p h a s e  angle  i n  the source plane a t  the three  radial  microphone s t a t i o n s  
f o r  c i rcumferent ia l  pos i t i on  8 = 45 degrees. The peak sound pressure  
l e v e l  a t  t h i s  c i rcumferent ia l  pos i t ion  is 90 dB. I n  c o n t r a s t ,  the  peak 
sound pressure  l e v e l  a t  8 = 0 degrees is 116 dB. The d e t e r i o r a t i o n  i n  
the  i n t e r i o r  acous t i c  f i e l d  is due t o  the reduct ion i n  cont r ibu t ion  of 
the dominant A2 mode a t  8 - 45 degrees. Obviously, the need f o r  no i se  
reduct ion a t  t h i s  c i rcumferent ia l  pos i t i on  is diminished. The p o t e n t i a l  
no i se  reduct ion a t  8 = 45 degrees is about 10 dB f o r  r a d i a l  s t a t i o n s  
r/a = 0.513 and 0.925 and about 23 dB f o r  r / a  = 0.150. The optimum 
synchrophase angle  f o r  a l l  three r a d i a l  s t a t i o n s  has increased t o  
near  $ = 260 degrees. A t  8 = 45 degrees,  con t r ibu t ions  from a l l  of t h e  
decomposed and Bn modes will be present  except f o r  the A2 and B4 
modes. This r e s u l t s  i n  approximately equal  con t r ibu t ions  from modes 
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with an optimum synchrophase angle  of 4 = 180 degrees and I$ = 0 ( o r  360) 
degrees. Thus, an optimum synchrophase angle  of 260 degrees is not  
su rp r i s ing .  Due t o  a l ack  of dominance of modes wi th  an optimum syn- 
chrophase angle of e i t h e r  4 = 0 o r  180 degrees,  the  p o t e n t i a l  no ise  
reduct ion by the synchrophasing technique has decreased s i g n i f i c a n t l y  
f o r  r a d i a l  s t a t i o n  r/a = 0.513 and 0.915. The n = 0 mode i s  the only 
mode which theo re t i ca l ly  con t r ibu te s  to  the a c o u s t i c  pressure a t  the 
c e n t e r l i n e  of the  cy l inder .  Therefore,  as the c y l i n d e r ' s  c e n t e r l i n e  is 
approached, the n = 0 mode w i l l  begin t o  dominate and the p o t e n t i a l  
no i se  reduction is again r ea l i zed  f o r  r a d i a l  s t a t i o n  r/a = 0.150. This 
theory is supported by t he  f a c t  t h a t  the  optirhum synchrophase angle  a t  
r /a = 0.150 has s h i f t e d  back towards 4 = 180 degrees somewhat as would 
be expected f o r  a dominant n = 0 mode. 
Figure 10 shows the i n t e r i o r  pressure measurements versus  synchro- 
phase angle  in  the source plane a t  the three  r a d i a l  microphone s t a t i o n s  
f o r  c i rcumferent ia l  pos i t i on  8 = 90 degrees. The peak sound pressure 
l e v e l  a t  t h i s  pos i t i on  is about 113 dB which is 3 dB below the peak 
sound pressure level recorded a t  8 = 0 degrees. The p o t e n t i a l  n o i s e  
reduct ion var ies  between 12-34 dB depending on r a d i a l  pos i t ion .  The 
optimum synchrophase angle  is 0 = 180 degrees f o r  r a d i a l  s t a t i o n  r/a = 
0.513 and 0.925 and 41 = 0 degrees f o r  r /a = 0.150. A t  8 = 90 degrees,  
the  odd modes and even Bn modes t h e o r e t i c a l l y  do not  con t r ibu te  to  
the i n t e r i o r  a c o u s t i c  f i e l d .  This l eads  to  a dominant A2 mode and 
therefore  w i l l  g ive good p o t e n t i a l  no i se  reduct ion and an optimum syn- 
chrophase angle near  180 degrees a s  measured a t  r / a  = 0.513 and 0.925. 
Hence, the  pressure l e v e l s  a t  r a d i a l  p o s i t i o n  r/a = 0.150 are su rp r i s ing  
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and d i f f i c u l t  t o  explain.  The pressure response a t  t h i s  r a d i a l  p o s i t i o n  
could be caused by one o r  a combination of s eve ra l  p o t e n t i a l l y  c o n t r i -  
buting f ac to r s .  F i r s t ,  a s ignal- to-noise  r a t i o  problem could cause 
spurious r e s u l t s  near  a low i n t e r i o r  pressure  response region. Second, 
the results could be p a r t i a l l y  caused by minor devia t ions  i n  the  circum- 
f e r e n t i a l  microphone pos i t ion .  As the  r a d i a l  pos i t i on  of the microphone 
is reduced, any v a r i a t i o n  i n  c y l i n d r i c a l  coordinate  8 f o r  a f ixed  e r r o r  
i n  microphone loca t ion  w i l l  increase.  Thus, c lose  t o  the  c e n t e r l i n e  
small e r r o r s  i n  microphone posi t ioning may lead to  l a r g e r  con t r ibu t ions  
from o the r  modes than near  the s h e l l  wall. Third,  s h e l l  asymmetry 
coupled w i t h  con t r ibu t ions  from both 41 and Bn modes could a l s o  a l ter  
the  i n t e r i o r  a c o u s t i c  f i e l d  a t  r /a  = 0.150. 
Figure 11 shows the  i n t e r i o r  pressure measurements versus  synchro- 
phase  angle  i n  the  source plane a t  t he  th ree  r a d i a l  microphone s t a t i o n s  
f o r  c i rcumferent ia l  pos i t i on  0 = 135 degrees. The peak sound p r e s s u r e  
l e v e l  a t  t h i s  c i rcumferent ia l  pos i t ion  is 87 dB ind ica t ing  t h a t  the need 
f o r  no i se  reduct ion a t  t h i s  posi t ion is comparatively less. The reduc- 
t i on  i n  the i n t e r i o r  acous t i c  f i e l d  a t  t h i s  pos i t i on  is again due t o  a 
smaller cont r ibu t ion  from t h e  dominant A2 mode. The results a t  circum- 
f e r e n t i a l  pos i t i on  8 - 135 degrees are genera l ly  similar t o  the  results 
recorded a t  0 = 45 degrees except t h a t  t he  optimum synchrophase angle  a t  
the  three  r a d i a l  microphone s t a t i o n s  has decreased t o  near  4 - 90 de- 
grees. This resul t  is due to  the i n t e r i o r  microphone being pos i t ioned  
symmetrically opposi te  t o  the 0 = 45 degree pos i t ion .  Theore t i ca l ly ,  
the results a t  0 = 135 degrees should be a mirror  image of those 
a t  8 - 45 degrees through the l i ne  4 = 180 degrees of t h e  f igu res .  Due 
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t o  the similarities of behaviors in  both cases, results a t  8 = 135 
degrees can be explained by cons ider ing  t h e  r a d i a l  v i b r a t i o n  response of 
the s h e l l  as previously discussed f o r  c i r cumfe ren t i a l  p o s i t i o n  8 = 45 
degrees. 
Figure 12 shows the  i n t e r i o r  pressure  measurements versus  synchro- 
phase angle  i n  the  source plane a t  the  three r a d i a l  microphone s t a t i o n s  
f o r  c i rcumferent ia l  p o s i t i o n  8 5 180 degrees. The peak sound pressure  
level  a t  t h i s  pos i t i on  is about  104 dB ind ica t ing  that the need f o r  
no ise  reduct ion a t  t h i s  p o s i t i o n  is n o t  as  cr i t ica l  as a t  circumferen- 
t ia l  pos i t i on  8 = 0 degrees. The r e s u l t s  a t  8 = 180 degrees are gener- 
a l l y  s i m i l i a r  to  those recorded a t  8 = 0 degrees except  the optimum 
synchrophase angle  f o r  r a d i a l  p o s i t i o n  r/a = 0.150 has decreased t o  
near  4 = 90 degrees. Due t o  the  similari t ies,  the r e s u l t s  a t  8 = 180 
degrees can be explained by again  cons ider ing  the  r a d i a l  v i b r a t i o n  
response of the  s h e l l  as previously discussed f o r  c i r cumfe ren t i a l  posi-  
t i o n  8 - 0 degrees. 
As shown i n  Figs. 8-12 the  i n t e r i o r  pressure  l e v e l s  i n  the  source 
plane are genera l ly  greatest near  the s h e l l  w a l l  and decrease r ap id ly  as  
the  cen te r l ine  of the  cy l inde r  is approached. The low pressure  l e v e l s  
near  the cen te r l ine  of the cy l inde r  ( r / a  = 0,150) are a r e s u l t  of the  
f a c t  that the con t r ibu t ions  t o  the  i n t e r i o r  a c o u s t i c  f i e l d  from a l l  the 
modes except the  n = 0 mode t h e o r e t i c a l l y  go t o  ze ro  as the c e n t e r l i n e  
of t he  cyl inder  is approached. Therefore,  t he  pressure  measurements a t  
r/a - 0.150 are expected t o  be s i g n i f i c a n t l y  lower than the o t h e r  r a d i a l  
pos i t ions .  This  r e s u l t  g ives  a d d i t i o n a l  support  t o  the  theory t h a t  the 
modal composition of the cy l inder  governs the  i n t e r i o r  a c o u s t i c  f i e l d .  
Figures 13, 14 and 15 show the  i n t e r i o r  pressure  measurements 
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versus  synchrophase angle  i n  the source plane a t  the  s ix  c i r cumfe ren t i a l  
microphone pos i tons  f o r  r a d i a l  s t a t i o n s  r/a = 0.150, 0.513 and 0.925, 
respec t ive ly .  The i n t e r i o r  pressure measurements versus  synchrophase 
angle  for 8 > 90 degrees vary as a mir ror  image of the results f o r  8 < 
90 degrees except t h a t  the pressure l e v e l s  for 0 > 90 degrees are gener- 
a l l y  about 5-20 dB lower than the pressure  l e v e l s  f o r  8 < 90 degrees. 
The nonsymme t r ic  c i rcumferent ia l  p ressure  d i s t r i b u t i o n  is probably 
caused by the presence of s i g n i f i c a n t  Bn modal amplitudes due t o  the  
imperfect ions in the  s h e l l .  
Figures  8, 16, 17, and 18 show i n t e r i o r  p r e s s u r e  measurements 
versus  synchrophase angle  a t  8 - 0 degrees f o r  the three  r a d i a l  micro- 
phone s t a t i o n s  a t  a x i a l  pos i t ion  x/a = 0.0, 0.4, 0.8 and 1.6, respec- 
t i v e l y .  A t  a l l  four  ax ia l  posi t ions the re  is a sharp decrease i n  the 
r a d i a l  p ressure  d i s t r i b u t i o n  from the  s h e l l  wall t o  the s h e l l  center-  
l i n e .  The optimum synchrophase angle f o r  a l l  of these microphone posi-  
t i o n s  is nea r  4 = 180 degrees,  except f o r  r a d i a l  pos i t i on  r/a = 0.150 of 
Fig. 18. This  ind ica t e s  that the  v ib ra t ion  response of the cy l inde r  
downstream of the  source plane is probably s t i l l  dominated by the A 2  
mode. The spurious results of Fig.  18 f o r  r a d i a l  microphone s t a t i o n  r/a 
= 0.150 are probably due to  a combination of signal-to-noise r a t i o  
problem, microphone pos i t ion ing  errors, and cy l inde r  asymmetry as d i s -  
cussed previously.  Also, t h i s  result  could be p a r t i a l l y  due to  end 
e f f e c t s  ( i .e. ,  i n t e r i o r  a x i a l  standing waves) which  become more impor- 
t a n t  as the  i n t e r i o r  acous t i c  f i e l d  decreases  near  the c e n t e r l i n e  of the 
s h e l l .  These p o t e n t i a l  problems make it d i f f i c u l t  t o  c o r r e l a t e  the 
r e s u l t s  with modal behavior. 
Figures  19, 20, and 21 show t h e  i n t e r i o r  pressure measurements 
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versus  synchrophase angle  a t  8 = 0 degrees f o r  t he  fou r  ax ia l  microphone 
pos i t i ons  a t  r a d i a l  s t a t i o n s  r/a = 0.150, 0.513 and 0.925, respec t ive-  
ly .  The i n t e r i o r  pressure  l e v e l s  a t  a l l  t h ree  r a d i a l  microphone sta- 
t i o n s  are very high i n  the source plane and decrease r ap id ly  with in- 
c reas ing  a x i a l  pos i t ion .  This resul t  is su rp r i s ing  f o r  a f i n i t e  cy l in-  
de r  and impl ies  that the i n t e r i o r  a c o u s t i c  f i e l d  is dominated by a near  
f i e l d  i n  the source plane. The s l i g h t  increase  i n  the  pressure l e v e l s  
a t  x/a - 1.6 are a r e s u l t  of a second peak i n  the ax ia l  s tanding  wave. 
However, t h i s  s tanding wave peak is s i g n i f i c a n t l y  lower than t h e  domi- 
nan t  peak in the source plane. Thus, even f o r  the  f i n i t e  uns t i f fened  
cy l inder  used i n  t h i s  experimental  i nves t iga t ion  the majori ty  of t h e  
a c o u s t i c  energy i n  the  s h e l l  is loca ted  i n  a loca l i zed  a x i a l  region near  
the source plane. This r e su l t  supports the i n f i n i t e  s h e l l  model used in 
re ference  4. Figures  19-21 a l s o  r evea l  t h a t  when the  synchrophase angle  
is c lose  t o  i t s  optimum value then t h e  sound pressure l e v e l s  measured a t  
var ious  x/a pos i t i ons  are much c l o s e r  i n  va lue .  Thus, the  main effect  
of synchrophasing is t o  e l imina te  the high acous t i c  near-f i e l d  loca ted  
nea r  x/a = 0.0, causing the  i n t e r i o r  acous t i c  f i e l d  t o  be more uniform. 
The r e s u l t s  of Figs. 8-21 i nd ica t e  t h a t  the optimum synchrophase 
angle  var ies  s i g n i f i c a n t l y  with i n t e r i o r  loca t ion .  However, c o n t r o l  of 
the  i n t e r i o r  a c o u s t i c  f i e l d  is needed only i n  the regions of high pres- 
su re  response (e.g., > 95dB). In  these regions,  a l l  t h e  optimum syn- 
chrophase angles tend t o  converge near  a s i n g l e  vlaue of $ - 200 de- 
grees.  Thus, a s i g n i f i c a n t  reduct ion i n  the  i n t e r i o r  pressure response 
can s t i l l  be achieved i n  the regions of high a c o u s t i c  l eve l s .  This 
reduct ion  is no t  achieved a t  the  expense of s i g n i f i c a n t l y  increased 
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pressure  response a t  o the r  i n t e r i o r  loca t ions .  I n  f a c t ,  the  optimiza- 
t i o n  tends t o  reduce the l a r g e  pressure g rad ien t s  wi th in  the  s h e l l  and 
thus make the  i n t e r i o r  acous t ic  f i e l d  more uniform. A t  an optimum 
synchrophase angle  of 41 - 200 degrees, p o t e n t i a l  no i se  reduct ions  of up 
t o  20dB are achieved a t  some i n t e r i o r  loca t ions .  Also, the g loba l  
pressure response is reduced to  below 95dB a t  a l l  i n t e r i o r  microphone 
loca t ions .  
4.2 Driving Frequency of 708 Hz 
The results presented below a r e  from the  case wi th  p u r e  tone source 
frequency of 708 Hz. This frequency is again  within the range of typi-  
cal  sca led  fundamentals of the propel le r  noise.  The d r iv ing  frequency 
was changed t o  study the e f f e c t s  of frequency on synchrophasing. Fig- 
ures 22(a) and 22(b) show a comparison of the  a x i a l  and c i r cumfe ren t i a l  
pressure d i s t r i b u t i o n s  on the ex te r io r  of the cy l inde r  f o r  synchrophas- 
ing angles  of $ = 0 and 180 degrees. The r e s u l t s  f o r  the a x i a l  and 
c i r cumfe ren t i a l  pressure d i s t r i b u t i o n s  f o r  the 708 Hz case a r e  very 
similar t o  those recorded f o r  the 680 Hz case, hence, similar conclu- 
s ions  can be drawn. The nonsymmetric c i r cumfe ren t i a l  pressure d i s  tri- 
but ion  f o r  synchrophase angle  $ - 180 degrees is probably due t o  s l i g h t  
microphone/source pos i t ion ing  er rors .  
Figure 23 shows the r e l a t i v e  c i r cumfe ren t i a l  modal amplitudes of 
the cy l inder  versus  synchrophase angle  i n  the source plane f o r  c i r -  
cumferent ia l  modes n = 0 to  4. A s  f o r  the  680 Hz case, the modal re- 
sponse of the cy l inder  is dominated by t h e  A2 c i r cumfe ren t i a l  mode. The 
r e s u l t s  of t h i s  case a r e  again genera l ly  similar t o  the a n a l y t i c a l  
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r e s u l t s .  The minor d iscrepancies  between these  results and the  analyt-  
ical  results a r e  due t o  cy l inder  imperfect ions as discussed previously.  
Figure 24 shows the a x i a l  d i s t r i b u t i o n  of the r a d i a l  displacement 
of the cyl inder  in  t h e  source plane f o r  synchrophase angles  of @J = 0 and 
180 degrees. The r a d i a l  v i b r a t i o n  of the  s h e l l  decreases  dramat ica l ly  
outs ide  a loca l ized  region of about one cy l inder  r ad ius  on e i t h e r  s i d e  
of the  source plane. This r e s u l t  supports  the  theory t h a t  the  majori ty  
of the i n t e r i o r  acous t i c  e x c i t a t i o n  occurs i n  a loca l i zed  ax ia l  reg ion  
near  the  source plane. This result a l s o  g ives  a d d i t i o n a l  support  t o  the 
i n f i n i t e  s h e l l  model u t i l i z e d  i n  re ference  4. When t h e  synchrophase 
angle  is 41 = 180 degrees,  the  r a d i a l  displacement is r e l a t i v e l y  cons tan t  
with x/a. This again i l l u s t r a t e s  t h a t  the  main e f f e c t  of synchrophasing 
is t o  reduce t h e  l a r g e  cy l inder  responses located around the source 
plane (x/a  - 0.0). 
Figure 25 shows the r e l a t i v e  r a d i a l  displacement and phase of the 
cy l inder  i n  t h e  source plane ( io@. ,  x/a = 0.0) f o r  synchrophase angles  
of @ = 0 and 180 degrees. For the 708 Hz case, the r e l a t i v e  r a d i a l  
displacement is approximately symmetric as expected f o r  symmetrically 
pos i t ioned  sources as shown i n  Fig. 2. Figure 25 a l s o  shows very close-  
l y  the mode s h a p e  of the A2 mode w i t h  two d e f i n i t e  nodal l i n e s .  I n  t h i s  
case, the  amplitude of the remaining modes are comparatively lower t h a n  
f o r  the f = 680 Hz case and consequently the  A2 mode is more c l e a r l y  
demonstrated. The rad ia l  displacement reduces s i g n i f i c a n t l y  f o r  a 
synchrophase angle  of @J = 180 degrees ind ica t ing  aga in  the  p o t e n t i a l  
f o r  v ibra t ion  c o n t r o l  as w e l l  as i n t e r i o r  no i se  cont ro l .  
Figures 26-30 show t h e  i n t e r i o r  pressure  measurements versus  syn- 
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chrophase angle  i n  the source plane (x/a = 0.0) a t  the  th ree  r a d i a l  
microphone s t a t i o n s  f o r  c i rcumferent ia l  p o s i t i o n s  8 '0, 45, 90, 135, and 
180 degrees ,  respec t ive ly .  The results and conclusions are gene ra l ly  
similar t o  those of Figs. 8-12. 
Figures  31, 32, and 33 show the  i n t e r i o r  pressure measurements 
versus  synchrophase angle  i n  the source p lane  (x/a  = 0.0) a t  the s i x  
c i r cumfe ren t i a l  microphone pos i t ions  f o r  r a d i a l  s t a t i o n s  r/a = 0.150, 
0.513 and 0.925, respec t ive ly .  The i n t e r i o r  pressure measurements 
ve r sus  synchrophase angle  f o r  8 > 90 degrees  v a r i e s  as a mir ror  image of 
the  r e s u l t s  f o r  8 < 90 degrees. This  result is expected due to  the  
symmetric source loading. 
Figures  26, 34, 35, and 36 show the  i n t e r i o r  pressure measurements 
versus  synchrophase angle  a t  8 - 0 degrees f o r  the  th ree  rad ia l  micro- 
phone s t a t i o n s  a t  a x i a l  pos i t ions  x/a = 0.0, 0.4, 0.8 and 1.6, respec- 
t i ve ly .  A t  a l l  fou r  a x i a l  pos i t ions  the re  is a sharp reduct ion  i n  the  
r a d i a l  p ressure  d i s t r i b u t i o n  from the  s h e l l  w a l l  t o  the  s h e l l  center-  
1 i n e  . 
Figures  37, 38, and 39 show the i n t e r i o r  p re s su re  measurements 
versus  synchrophase angle  a t  8 = 0 degrees f o r  the  fou r  a x i a l  microphone 
p o s i t i o n s  a t  r a d i a l  s t a t i o n s  r / a  = 0.150, 0.513, and 0.925, respect ive-  
ly .  As i n  the 680 Hz case,  the i n t e r i o r  pressure l e v e l s  a t  the th ree  
r a d i a l  microphone s t a t i o n s  a r e  very high i n  the source plane and de- 
crease rap id ly  with increas ing  a x i a l  pos i t i on .  As discussed ear l ier ,  
t h i s  result  supports  the  i n f i n i t e  s h e l l  theory of re ference  4. 
The r e s u l t s  of Figs. 26-39 i n d i c a t e  t h a t  the optimum synchrophase 
ang le  varies s i g n i f i c a n t l y  w i t h  i n t e r i o r  loca t ion .  The pressure re- 
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sponse a t  radial  pos i t i on  r/a = 0.150 tends to  be c o n s i s t a n t l y  i n  excess 
of lOdB below the  pressure  response a t  the o the r  microphone loca t ions .  
Thus, i n  evaluat ing an o v e r a l l  optimum synchrophase angle ,  t he  results 
a t  r a d i a l  pos i t ion  r/a = 0.150 need n o t  be considered. I n  c o n t r a s t  t o  
the  680 Hz case, the  remaining regions of high pressure response s t i l l  
have a wide range of optimum synchrophase angles .  This r e s u l t  decreases 
the  g loba l  po ten t i a l  no i se  reduct ion s i g n i f i c a n t l y .  For an optimum 
synchrophase angle  of @ = 250 degrees,  the g loba l  no ise  reduct ion is  
l imi t ed  to  less than 7dB i n  the source plane,  however, the i n t e r i o r  
acous t i c  f i e l d  does tend t o  be more uniform a t  t h i s  synchrophase 
angle.  This wide  range of optimum synchrophase angles  is probably due 
t o  cont r ibu t ions  from two well-coupled modes with c o n t r a s t i n g  optimum 
synchrophase angles.  The synchrophasing technique can be e f f e c t i v e  i n  
c o n t r o l l i n g  cont r ibu t ions  from a set of modes with an optimum synchro- 
phase angle  of $ - 0 degrees o r  a set of modes wi th  an  optimum synchro- 
phase angle  of $ = 180 degrees,  bu t  the e f f ec t iveness  of the technique 
is  ser ious ly  impared by s i g n i f i c a n t  con t r ibu t ions  from both sets of 
con t r a s t ing  modes. I n  regions where the con t r ibu t ions  one of the two 
con t r a s t ing  modes was minimal (e.g., a t  0 = 90 degrees) ,  the loca l i zed  
no i se  reduction was g r e a t l y  improved. Thus synchrophasing does appear 
t o  be an e f f e c t i v e  noise  con t ro l  technique but  the technique can e f fec-  
t i v e l y  control  only one of the  two sets of c o n t r a s t i n g  modes of compar- 
a b l e  a m p l i t u d e .  
4.3 Ef fec t  of I n t e r i o r  Acoustic Damping Material 
The r e s u l t s  presented below a r e  from the case w i t h  p u r e  tone source 
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condi t ions  of 708 Hz and a l a y e r  of 12.7 nun th ick  f l e x i b l e  polyurethane 
po lyes t e r  foam covering 145 degrees on the bottom i n s i d e  of the  cyl in-  
der. The e x t e r i o r  pressure d i s t r i b u t i o n s  i n  the  axial  and circumf eren- 
t i a l  d i r e c t i o n s  are assumed to be i d e n t i c a l  t o  those recorded from the  
previous case without the in t e rna l  po lyes t e r  foam and therefore  were not  
repeated . 
Figure 40 shows the relative c i r cumfe ren t i a l  modal amplitudes of 
the cy l inder  versus  synchrophase angle  i n  the  source plane f o r  cir- 
cumferent ia l  modes n = 0 to  4. The modal response of the  cy l inder  is 
dominated by the A2 mode except near  i t s  optimum synchrophase angle  
of Cp = 180 degrees. Near Cp = 180 degrees,  the  modal response of the 
cy l inde r  is dominated by the A3 and Al modes both of which have an 
optimum synchrophase angle  near Q, = 0 degrees. In c o n t r a s t  t o  the  680 
Hz case, the  modes are somewhat decoupled apparent ly  due  t o  t h e  presence 
of the foam, ind ica t ing  t h a t  the i n t e r n a l  a c o u s t i c  f i e l d  may play some 
r o l e  i n  modal coupling. Deviations from the  t h e o r e t i c a l  modal composi- 
t i o n  of the cy l inder  are r e l a t i v e l y  minor and are probably due  t o  cy l in-  
de r  imperfect ions,  s l i g h t  source asymmetries, and the presence of the 
po lyes t e r  foam i n  the cyl inder .  
Figure 41 shows the relative r a d i a l  displacement and phase  of t h e  
cy l inder  i n  the source plane (x/a = 0.0) f o r  synchrophase angles  $ = 0 
and 180 degrees. The r e l a t i v e  r a d i a l  displacement is nearly symrne tr ic 
as expected f o r  a symmetrically loaded cy l inder .  The radial  d i sp lace -  
ment again decreases s i g n i f i c a n t l y  f o r  a synchrophase angle  of 4) = 180 
degrees ind ica t ing  the po ten t i a l  f o r  v i b r a t i o n  c o n t r o l  as discussed 
earlier.  Again the presence of the  foam can be seen to  have "cleaned 
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up" ( i .e . ,  decoupled) the  cy l inde r  mode shapes. 
Figure 42 shows the i n t e r i o r  pressure measurements versus  synchro- 
phase angle  i n  the  source plane (x/a = 0.0) a t  the three  r a d i a l  micro- 
phone s t a t ions  f o r  c i r cumfe ren t i a l  p o s i t i o n  8 = 0 degrees. The peak 
sound pressure l e v e l  a t  t h i s  c i r cumfe ren t i a l  pos i t i on  is 98 dB. The 
i n t e r i o r  pressure l e v e l s  have been reduced s i g n i f i c a n t l y  from the previ-  
ous two cases due t o  t h e  absorp t ion  from the  polyes te r  foam. The poten- 
t i a l  no i se  reduct ion is about 10-13 dB a t  a l l  th ree  microphone sta- 
t ions .  The optimum synchrophase angle  is about Q = 120 degrees f o r  
r a d i a l  s t a t i o n s  r/a 0.513 and 0.925 and about Q = 200 degrees f o r  r a d i a l  
s t a t i o n  r / a  = 0.150. As before,  these results can be explained by 
consider ing t h e  r a d i a l  v ib ra t ion  of the cyl inder .  A t  8 * 0 degrees,  t he  
Bn modes theo re t i ca l ly  do no t  con t r ibu te  t o  t h e  i n t e r i o r  a c o u s t i c  
f i e l d .  The dominant mode exc i t ed  i n  the cy l inde r  is 
most of t he  range of synchrophase angles ,  however, near  
the  A1 and A3 modes dominate the s h e l l  response. This 
ted po ten t i a l  no ise  reduct ion and synchrophase angles  
the A2 mode over 
Q = 180 degrees,  
resul ts  i n  l i m i -  
somewhat s h i f t e d  
off  the Q * 180 degrees pos i t i on  as can be seen i n  Fig. 42 f o r  radial  
microphone s t a t i o n s  r/a - 0.513 and 0.925. The results a t  r / a  = 0.150 
are due t o  t h e  reduced con t r ibu t ions  from a l l  the modes except  t h e  A0 
mode which results i n  an optimum synchrophase near  Q = 180 degrees. 
However, i t  can been seen from Figures  42-46 t h a t  s i g n i f i c a n t  sound 
reduct ion due to  synchrophasing can s t i l l  be obtained with a damped 
i n t e r i o r  acous t ic  space. In  add i t ion ,  the synchrophase curves are 
genera l ly  s imilar  t o  the case without damping. This r e su l t  suggests  
t h a t  t h e  coupled s h e l l - i n t e r i o r  a c o u s t i c  space system i s  responding i n  
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predominantly i n  a "she l l "  type f r e e  mode and the  i n t e r i o r  a c o u s t i c  
f i e l d  is being forced i n t o  motion by the s h e l l  response. I n  o t h e r  words 
f o r  t he  f requencies  considered here the i n t e r i o r  a c o u s t i c  f i e l d  is not  
being exc i t ed  a t  one its n a t u r a l  cavi ty  modes and thus damping does n o t  
have a l a rge  e f f e c t  on i n t e r i o r  modal response except  t o  reduce the 
sound l e v e l s  somewhat due t o  absorption. 
-
Figure 43 shows the  i n t e r i o r  pressure measurements versus  synchro- 
phase angle  i n  the  source plane (x/a = 0.0) a t  the three r a d i a l  micro- 
phone s t a t i o n s  f o r  c i rcumferent ia l  p o s i t i o n  8 = 45 degrees. The peak 
sound pressure l e v e l  a t  t h i s  c i rcumferent ia l  pos i t i on  is about 91 dB 
ind ica t ing  again t h a t  the need for  p o t e n t i a l  no i se  reduct ion  a t  8 = 
45 degrees  is lessened. The reduction i n  the  i n t e r i o r  pressure  l e v e l s  
a t  t h i s  pos i t i on  are due t o  a decrease i n  the con t r ibu t ion  from the 
dominant A2 mode. A s  discussed previously,  the  A2 and B4 modes do no t  
t h e o r e t i c a l l y  con t r ibu te  t o  the i n t e r i o r  acous t i c  f i e l d  a t  8 = 45 de- 
grees.  This i nd ica t e s  t h a t  the  i n t e r i o r  acous t i c  f i e l d  w i l l  be pre- 
dominantly governed by the A. and A4 modes with an optimum synchrophase 
angle  of + = 180 degrees and AI and Ag modes which have an optimum 
synchrophase angle  of near 41 = 0 degrees. This  results i n  a reduced 
p o t e n t i a l  no i se  reduct ion and an optimum synchrophase angle  between Q = 
225 and 360 degrees. 
Figure 44 shows the  i n t e r i o r  pressure measurements versus  synchro- 
phase angle  i n  the source plane (x/a = 0.0) a t  the three  r a d i a l  micro- 
phone s t a t i o n s  f o r  c i rcumferent ia l  pos i t i on  8 = 90 degrees. The peak 
sound pressure l e v e l  is 100 dB. The results and conclusions of t h i s  
f i g u r e  are e s s e n t i a l l y  i d e n t i c a l  to  those of Fig. 10. 
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Figure 45 shows the i n t e r i o r  pressure  measurement versus  synchro- 
phase ang le  i n  the  source plane (x/a - 0.0) a t  the  th ree  r a d i a l  
microphone s t a t i o n s  f o r  c i rcumferent ia l  p o s i t i o n  8 = 135 degrees. The 
peak sound pressure level is about  92 dB i n d i c a t i n g  aga in  t h a t  the  need 
f o r  no i se  reduction a t  t h i s  p o s i t i o n  is minimal. This result is due t o  
the  reduced con t r ibu t ion  of the dominant A2 mode a t  t h i s  ang le  as d i s -  
cussed previously. The reduced p o t e n t i a l  n o i s e  reduct ion and optimum 
synchrophase ang le  a t  r a d i a l  s t a t i o n s  r/a = 0.513 and 0.925 are due t o  
the dominant con t r ibu t ions  from the  Ao, Al, Ag, and A4 modes as d i s -  
cussed f o r  c i r cumfe ren t i a l  p o s i t i o n  8 = 45 degrees. The r e s u l t s  a t  
c i r cumfe ren t i a l  p o s i t i o n  8 = 135 degrees should t h e o r e t i c a l l y  be a 
mirror  image of the  results a t  8 - 45 degrees. The d iscrepancies  a t  
r a d i a l  s t a t i o n  r/a = 0.150 are probably due t o  a s ignal- to-noise  r a t i o  
problem caused by the low pressure response a t  t h i s  l oca t ion .  
Figure 46 shows the  i n t e r i o r  p r e s s u r e  measurements versus  synchro- 
phase ang le  i n  the source plane (x / a  = 0.0) a t  the  th ree  r a d i a l  micro- 
phone s t a t i o n s  f o r  c i rcumferent ia l  p o s i t i o n  8 - 180 degrees. As dis- 
cussed previously,  the Bn modes do n o t  t h e o r e t i c a l l y  c o n t r i b u t e  t o  the  
i n t e r i o r  acoustic f i e l d  a t  t h i s  c i rcumferent ia l  pos i t i on .  This r e s u l t s  
i n  dominant A2 and A3 modes which have optimum synchrophase ang le s  
of 4 = 180 and 0 degrees, r e spec t ive ly .  This, i n  tu rn ,  causes reduced 
p o t e n t i a l  noise  reduct ions and optimum synchrophase angles  near  4 = 270 
degrees. The lack of good p o t e n t i a l  n o i s e  reduct ion a t  r/a = 0.150 as 
observed a t  c i r cumfe ren t i a l  p o s i t i o n  8 = 0 degrees is again  probably due 
t o  a signal-to-noise r a t i o  problem, however, t he  need f o r  noise c o n t r o l  
a t  e i t h e r  of these loca t ions  i s  minimal. 
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Figures  42-46 a l l  show a rapid decrease i n  the  i n t e r i o r  a c o u s t i c  
f i e l d  near  the c e n t e r l i n e  of the  cylinder.  As discussed  previous ly ,  t he  
reduct ion  i n  the  a c o u s t i c  f i e l d  is due t o  the  c h a r a c t e r i s t i c  t h a t  a l l  
modes except  the n = 0 mode have very low p res su re  amplitudes nea r  t he  
s h e l l  cen te r l ine .  
Figures  47, 48, and 49 show the  i n t e r i o r  p r e s s u r e  measurements 
versus  synchrophase angle  i n  the  source plane a t  the  s i x  c i r cumfe ren t i a l  
microphone p o s i t i o n s  f o r  r a d i a l  s t a t i o n s  r/a = 0.150, 0.513, and 0.925, 
respec t ive ly .  As i n  the  previous two cases, the  i n t e r i o r  pressure 
measurements versus  synchrophase angle f o r  8 > 90 degrees  genera l ly  vary 
as a mirror  image of t he  results of 0 < 90 degrees.  This  result  is n o t  
s u r p r i s i n g  consider ing the  symmetric source loading. 
Figures  42, 50, 51 and 52 show the i n t e r i o r  pressure measurements 
versus  synchrophase angle  a t  8 = 0 degrees f o r  the  th ree  radial  micro- 
phone s t a t i o n s  a t  ax ia l  pos i t i ons  x/a = 0.0, 0.4, 0.8, and 1.6,  respec- 
t i ve ly .  A rap id  reduct ion i n  the r a d i a l  pressure d i s t r i b u t i o n  near  the  
s h e l l  c e n t e r l i n e  is observed a t  a l l  four  ax i a l  pos i t i ons .  
Figures 53, 54, and 55 show the i n t e r i o r  pressure measurements 
ve r sus  synchrophase angle  a t  8 = 0 degrees  f o r  the  f o u r  a x i a l  microphone 
p o s i t i o n s  a t  r a d i a l  s t a t i o n s  r /a  = 0.150, 0.513, and 0.925, respec- 
t i ve ly .  The i n t e r i o r  a x i a l  pressure d i s t r i b u t i o n  a t  a l l  th ree  r a d i a l  
s t a t i o n s  is genera l ly  more uniform than e i t h e r  of the  previous two cases  
without  foam. This r e s u l t  is due t o  absorp t ion  of sound by the polyes- 
ter foam loca ted  on the  i n t e r i o r  of the  cy l inder .  
The results of Figs. 42-55 again i n d i c a t e  t h a t  the  optimum synchro- 
phase angle  v a r i e s  s i g n i f i c a n t l y  with i n t e r i o r  l oca t ion .  As i n  the  
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previous cases, the  pressure response a t  r a d i a l  p o s i t i o n  r/a = 0.150 
tends to  be cons i s t an t ly  low and thus need n o t  be considered when de ter -  
mining an  ove ra l l  optimum synchrophase angle.  The remaining regions of 
high p res su re  response again have a w i d e  range of optimum synchrophase 
angles.  This resu l t  is due t o  the  same reasons as given f o r  the  previ-  
ous case. The o v e r a l l  optimum synchrophase angle  f o r  t h i s  case appears 
t o  be around $ = 180 degrees. This reduces the  i n t e r i o r  response t o  
below 96dB a t  a l l  the  i n t e r i o r  microphone loca t ions .  This represents  a 
g loba l  reduction of around 5dB i nd ica t ing  aga in  the loss i n  e f f e c t i v e -  
ness  of the  synchrophasing technique when s i g n i f i c a n t  con t r ibu t ions  from 
two cont ras t ing  modes are present .  S imi la r  t o  the previous case, i n  a 
region where t h e o r e t i c a l l y  one set of con t r a s t ing  modes do no t  con t r i -  
bute to  the i n t e r i o r  pressure response (e.g., a t  8 = 90 degrees) ,  the 
p o t e n t i a l  noise reduct ion is s i g n i f  i c a n t l y  enhanced. Thus, the synchro- 
phasing technique can e f f e c t i v e l y  con t ro l  the con t r ibu t ions  from one of 
the  two sets of con t r a s t ing  modes, however, an a l t e r n a t e  technique is 
needed t o  control  the remaining set  of modes. 
The results of Figs. 5 ( a ) ,  21, 22(a) ,  39, and 5 5  show that the 
a x i a l  s h e l l  i n se r t ion  l o s s  va r i e s  drama t i c a l l y  w i t h  synchrophase angle  
f o r  a l l  three cases. Thus, s t a b i l i z a t i o n  of the r e l a t i v e  r o t a t i o n a l  
phase of each p rope l l e r  is e s s e n t i a l  before  meaningful i n t e r i o r  no i se  
measurements can be obtained. This resu l t  supports  t h e  use  of the 
experimental  model f o r  preliminary i n v e s t i g a t i o n s  s ince  the  synchrophase 
angle  can be e a s i l y  f ixed ,  e l imina t ing  f l u c t u a t i o n s  i n  the i n t e r i o r  
acous t i c  f i e ld .  The i n s e r t i o n  loss presented by the s h e l l  wall is a l s o  
better physically in t e rp re t ed  as a l o s s  due t o  t h e  modal response of t h e  
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whole continuous cy l inder  surface r a t h e r  than an a t t e n u a t i o n  due to  a 
f l a  t plate . 
Although an i n f i n i t e  s h e l l  model with d ipole  sources is used i n  the  
a n a l y t i c a l  i nves t iga t ion  of reference 4, the pred ic ted  synchrophasing 
c h a r a c t e r i s  tics of re ference  4 are  nea r ly  i d e n t i c a l  t o  those obtained i n  
t h i s  experimental  i nves t iga t ion .  The a n a l y t i c a l  e x t e r i o r  a x i a l  and 
c i r cumfe ren t i a l  pressure d i s t r i b u t i o n s  are similar t o  those presented i n  
Figs. 5 and 22 even though dipoles  were used to  model the  p r o p e l l e r  
sources  ins tead  of monopoles. The optimum synchrophase angle  and degree 
of a t t e n u a t i o n  from the a n a l y t i c a l  i nves t iga t ion  c lose ly  resemble the  
r e s u l t s  presented here  f o r  the var ious i n t e r i o r  microphone pos i t ions .  
Also, the a n a l y t i c a l  i n t e r i o r  pressure d i s t r i b u t i o n  a t  9 = 0 degrees was 
found t o  be very s e n s i t i v e  to  the synchrophase angle  w h i l e  the e x t e r i o r  
p r e s s u r e  d i s t r i b u t i o n  was unaffected by the synchrophase angle.  S i m i l a r  
experimental  results are shown f n  Figs. 5 (a )  21, 2 2 ( a ) ,  39, and 5 5 .  The 
a n a l y t i c a l  i n t e r i o r  acous t i c  f i e l d  was dominated by a near  f i e l d  i n  the  
source plane implying t h a t  the majori ty  of acous t i c  energy flows i n t o  
the s h e l l  i n  an a x i a l l y  loca l ized  region near  the source plane. Sur- 
pr i s ing ly ,  similar results were obtained f o r  i n t e r n a l  p r e s s u r e  amplitude 
d i s t r i b u t i o n  from t h i s  experimental i nves t iga t ion  even though a f i n i t e  
s h e l l  was used. This outcome i m p l i e s  t h a t  the  end caps have a neglig- 
i b l e  e f f e c t  on t h e  i n t e r i o r  acous t ic  f i e l d  near  the source plane p r imar -  
i l y  due t o  "forced" response of the i n t e r i o r  acous t i c  f i e l d .  Thus, the  
r e s u l t s  of t h i s  experimental  i nves t iga t ion  s u b s t a n t i a t e  the assumptions 
of t h e  i n f i n i t e  s h e l l  model u s e d  i n  re ference  4. 
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5 .  CONCLUDING REMARKS 
A s impl i f ied  model of an  a i r c r a f t  fuse lage  was used t o  perform a n  
experimental  i nves t iga t ion  of synchrophasing. The b a s i c  c h a r a c t e r i s  t ics 
of synchrophasing have been defined. P o t e n t i a l  no ise  reduct ions  of 10- 
34 dB were measured throughout the i n t e r i o r  of the cy l inde r  with a 
reasonable  bandwidth of reduction. That is, the reduct ion is no t  l i m -  
i t e d  t o  a narrow range of synchrophasing angles ,  but  is present  over a 
r e l a t i v e l y  wide range of synchrophase angles  near  the optimum. As 
discussed previously,  t h i s  resu l t  is crit ical  f o r  the e f f e c t i v e  use of 
synchrophasing on multibladed turboprops. 
The optimum synchrophase angle  and the degree of a t t e n u a t i o n  v a r i e s  
w i t h  i n t e r i o r  l oca t ion  and frequency due  t o  the  i n t e r i o r  a c o u s t i c  re- 
sponse cons is t ing  of a series of modes varying i n  coordinate  pos i t i on  
and w i t h  d i f f e r i n g  optimum synchrophase angles .  The i n t e r i o r  a c o u s t i c  
f i e l d  of the cy l inder  was found to be dominated by pressure l e v e l s  near  
the source plane thus implying t h a t  an i n f i n i t e  cy l inde r  i s  a reasonable 
model of a n  a i r c r a f t  fuselage.  Due t o  t h e  v a r i a t i o n  i n  optimum synchro- 
phase angle  with i n t e r i o r  loca t ion ,  i t  w i l l  be necessary to  optimize a 
space averaged measure of i n t e r i o r  SPL's. The au thors  suggest  t h a t  t he  
s p a t i a l l y  averaged energy content  of the a c o u s t i c  f i e l d  may be a more 
r e l evan t  parameter t o  optimize. This  would r e s u l t  in a reduct ion  of 
energy content of the whole i n t e r i o r  f i e l d  with the  emphasis being where 
the l e v e l s  a re  loudest .  Also, the synchrophasing technique seems t o  be 
an e f f e c t i v e  noise con t ro l  method f o r  only one of the  two sets of con- 
t r a s t i n g  modes. For optimum no i se  reduct ion,  an a l t e r n a t e  technique is 
needed to  cont ro l  t h e  remaining set of c o n t r a s t i n g  modes i f  present .  
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A computer a lgori thm was developed t o  decompose the modal composi- 
t i o n  of the cy l inder  f o r  a range of synchrophase angles .  The decomposi- 
t i o n  algori thm was found t o  be an e s s e n t i a l  t oo l  f o r  i nves t iga t ing  the  
mechanisms of sound transmission i n t o  the cy l inder .  Modal decomposition 
results suggest  that transmission of low frequency sound i n t o  a i r c r a f t  
cabins  is governed by modal cylinder v ib ra t ion  r a t h e r  than l o c a l i z e d  
transmission. Thus, low frequency sound t ransmission i n t o  an a i r c r a f t  
fuse lage  is loca l i zed  i n  the ax ia l  d i r e c t i o n  but  nonlocal ized i n  the  
c i r cumfe ren t i a l  d i r ec t ion .  The cy l inder  response i n  the c i r cumfe ren t i a l  
d i r e c t i o n  from Figs. 25 and 41 could be viewed as being loca l i zed .  
However, t o  successfu l ly  explain the  r e s u l t i n g  i n t e r i o r  pressure re- 
sponse, the g loba l  response of the  s h e l l  mus t  be considered ( i .e . ,  the  
modal response of the s h e l l  must be evaluated) .  Also, t h e  results 
i n d i c a t e  t h a t  the near - f ie ld  o r  d i r ec t iona l  c h a r a c t e r i s t i c s  of p rope l l e r  
sources  i n  a real a i r c r a f t  s t rongly determine the cy l inder  modal re- 
sponse and thus the na tu re  of the t ransmission phenomena. Asymmetries 
i n  the  cy l inder  were found to c o u p l e  cy l inde r  c i rcumferent ia l  modes of 
v ibra t ion .  Thus, any type of s t ructural  modif icat ions ( i .e . ,  i n t e r n a l  
f l o o r s ,  ribs, e tc . )  w i l l  s trongly a f f e c t  t h e  transmission of sound i n t o  
the cyl inder .  I n t e r n a l  acous t i c  damping was found to  have l i t t l e  e f f e c t  
on the measured results except  to  somewhat reduce the i n t e r i o r  sound 
pressure l e v e l s  and decouple the c i r cumfe ren t i a l  modes, i nd ica t ing  t h a t  
t h e  i n t e r n a l  acous t i c  f i e l d  may play some modal coupling r o l l  as w e l l  as 
cy l inde r  asymmetries. 
The a i r c r a f t  fuse lage  model and experimental  procedure u t i l i z e d  i n  
t h i s  i nves t iga t ion  have been shown t o  be successfu l  i n  def in ing  the 
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c h a r a c t e r i s t i c s  of synchrophasing and o the r  i n t e r i o r  no i se  e f f e c t s  as 
w e l l  as giving i n s i g h t  i n t o  the mechanisms of sound t ransmission i n t o  
a i r c r a f t  cab ins .  The beginning of an  experimental  data base has been 
developed, however, f u r t h e r  s t u d i e s  are needed to  completely understand 
the  synchrophasing concept as w e l l  as o the r  i n t e r i o r  no ise  e f f e c t s .  
Poss ib le  fu ture  inves t iga t ions  include s tudying the  e f f e c t s  of m u l t i p l e  
p u r e  tones,  the presence of an i n t e r n a l  f l o o r ,  asymmetric source load- 
ing,  r i b s ,  s t i f f e n e r s ,  v i b r a t i o n a l  inputs  a t  the wing at tachments ,  
u t i l i z i n g  a secondary v ib ra t ion  c o n t r o l  system i n  conjunction wi th  the 
synchrophasing, i n t e r n a l  damping, and implementing d ipo le  sources in- 
stead of monopole sources to  i n v e s t i g a t e  t h e  d i r e c t i o n a l  inf luence of 
the sources.  
34 
6 .  REFERENCES 
1 .  Metzger, F. B., "S t r a t eg ie s  for  A i r c r a f t  I n t e r i o r  Noise Reduction i n  
Ex i s t ing  and Future  P rope l l e r  Ai rcraf t ,**  SAE Paper 810560, 1981.  
2 .  Johnston, J. F., Donham, R. E., and Guinn, W. A., "Propel le r  Signa- 
t u r e s  and Their Use," AIAA Paper 80-1035, 1980. 
3. Magliozzi, B., "Synchrophasing f o r  Cabin Noise Reduction of Propel- 
ler-Driven Airplanes,"  AIM Paper 83-0717, 1983. 
4. F u l l e r ,  C. R., "Noise Control Charac t e r i s  t ics of Synchrophasing--An 
Ana ly t i ca l  Inves t iga t ion ,  " AIM Paper 84-2369, 1984. 
5 .  Moore, C. J., "Measurement of Radial  and Ci rcumferent ia l  Modes i n  
Annular and C i rcu la r  Fan Ducts," Jou rna l  of Sound and Vibra t ion ,  Vol. 
6 2 ,  NO. 2 ,  1979,  pp. 235-256. 
6 .  Silcox,  R. J., and Lester, H. C., "Sound Propagation Through a Vari- 
a b l e  Area Duct:  Experiment and Theory," A I A A  Journa l ,  Vol. 20 ,  No. 
10, 1982,  pp. 1377-1384. 
7. Mixson, J. S., Barton, C. R., P i e r s o l ,  A. G., and Wilby, J. F., 
"Charac t e r i s t i c s  of Propel le r  Noise on an A i r c r a f t  Fuselage Related 
t o  I n t e r i o r  Noise Transmission," A I A A  Paper  70-0646, 1979. 
8 .  Yousri, S .  N. and Fahy, F. J., "Dis tor ted  Cy l ind r i ca l  S h e l l  Response 
to  I n t e r n a l  Acoustic Exci ta t ion Below the  Cu t-of f Frequency, ** Journa l  












complex modal amplitude c o e f f i c i e n t s ,  Eq. (1) 
radius of test cylinder, 0.254 m 
complex modal amplitude c o e f f i c i e n t s  , Eq . ( 1 ) 
frequency 
ci 
0 , 1 , 2 , . . . =  
number of measuring points  
circumferential mode number 
1 ,2 ,3 , . . .N 
cy l indrica l  coordinates 
P 
time 
radial  displacement 
2n/N 
constant,  E 31 2 for  n 0; E = 1 f o r  n > 0 
P 
synchrophase angle 
c ircular  frequency 
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Fig. 2. Schematic Diagram of Experimental Setup. 
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Fig. 7 .  Re la t ive  Radial  Displacement and Phase 
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Fig. 8. Interior Pressure Measurements a t  
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Figure 9. Interior Pressure Measurements at x/a = 0.0, 8 = 4 5 " ,  
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Fig. 10. Interior Pressure Measurements at x/a = 0.0, 8 = go", 
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Fig. 11.  Interior Pressure Measurements a t  x/a = 0.0, 8 = 135". 
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Fig. 12. Interior Pressure Measurements at x/a f 0.0, 8 = 180'. 
and f = 680 Hz. 
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Fig .  13. I n t e r i o r  Pressure Measurements at x / a  = 0.0, r/a = 0.150, 
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Fig. 14. Interior Pressure Measurements at x/a = 0.0, r/a = 0.513, 
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Fig.  15 .  Interior Pressure Measurements a t  x /a  = 0 . 0 ,  r / a  = 0 . 9 2 5 ,  
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16. Interior Pressure Measurements at x/a = 0 . 4 ,  8 = 0'. 

















0 90 180 270  360  
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Fig. 17. Interior Pressure Measurements at x/a = 0.8, 8 = O o ,  
and f = 680 Hz. 
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Fig. 18. Interior Pressure Measurements at x/a = 1.6, 8 = 0". 
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Fig. 19. Interior Pressure Measurements a t  r /a  = 0 . 1 5 0 ,  8 = 0 ' .  
and f = 680 Hz. 
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Fig. 20. Interior Pressure Measurements at r/a = 0.513. 8 = 0". 
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F i g .  21. I n t e r i o r  P r e s s u r e  Pfeasurements a t  r / a  = 0 . 9 2 5 ,  8 = O", 
and f = 680 Hz. 
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(a) Axial Pressure Distribution at 8 = 0" 
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(b) Circumferential Pressure Distribution at x /a  = 0.0 
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Fig. 23.  Rela t ive  Modal Amplitudes of  t he  Cylinder a t  
x/a  = 0.0 and f = 708 Hz. 
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AXIAL POSITION, x/a 
Fig .  2 4 .  Axial D i s t r i b u t i o n  of  t h e  R a d i a l  Displacement  of 
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F i g .  25. Re la t ive  Radial  Displacement and Phase 
of t he  Cylinder a t  x /a  - 0 . 0  and f = 708 Hz. 
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Fig .  26. Interior Pressure Measurements at x/a = 0.0, 8 = O o ,  
and f = 708 Hz. 
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Fig. 2 7 .  Interior Pressure Measurements at x/a  = 0.0, 8 = 4 5 " ,  
and f = 708 Hz. 
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Fig. 28. Interior Pressure Measurements at x/a = 0.0, 8 = go", 
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Fig. 29. Interior Pressure Measurements at x/a = 0.0, 8 = 135", 
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30. Interior Pressure Measurements at x/a = 0.0, 8 = 180". 
and f = 708 Hz. 
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Fig .  31. Interior Pressure Measurements at x/a = 0 . 0 ,  r/a = 0.150, 
and f = 708 Hz. 
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Fig. 32. Interior Pressure Measurement at x/a = 0.0, r/a = 0.513, 
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Fig. 33. Interior Pressure Measurements at x/a = 0.0, r/a = 0.925, 
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Fig. 3 4 .  Interior Pressure Measurements at x/a = 0 . 4 ,  8 = O", 
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Fig. 35. I n t e r i o r  Pressure  Measurements a t  x / a  = 0 .8 ,  8 = O", 








60 t I I 1 I I I 
0 90 180 270 
SYNCHROPHASE ANGLE, deg 
3 60 
Fig. 36. Interior Pressure Measurements at x/a = 1.6, 8 = 0". 
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3 7 .  Interior Pressure Measurements at r/a = 0.150, 8 = 0'. 
and f = 708 Hz. 
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Fig. 38. Interior Pressure Measurements a t  r/a = 0 . 5 1 3 ,  8 = O", 
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Fig. 39. Interior Pressure Measurements at r/a = 0.925, 8 = O", 
and f = 708 Hz. 
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Fig. 40. Relative Modal Amplitudes of  the Cylinder a t  
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Fig. 41. Relative Radial Displacement and Phase 
of  the Cylinder at x/a = 0.0 and f = 708 HZ 
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Fig. 4 2 .  Interior Pressure Measurements at x/a = 0.0, 8 = O", 
and f = 708 Hz with Internal Acoustic Damping. 
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Fig. 43. Interior Pressure Measurements at x/a = 0.0, 8 = 45". 
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Fig. 4 4 .  Interior Pressure Measurements at x/a = 0 . 0 ,  8 = 90". 









0.513 - 0.92s 





0 90 180 270 
SYNCHROPHASE ANGLE, deg 
360 
45. I n t e r i o r  Pressure  rfeasurements a t  x/a = 0.0, 8 = 135", 
and f = 708 Hz wi th  I n t e r n a l  Acoust ic  Damping. 
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Fig.  4 6 .  I n t e r i o r  P r e s s u r e  Measurements a t  x / a  = 0.0, 8 = 180°, 
and f = 708 Hz wi th  I n t e r n a l  Acous t ic  Damping. 
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Fig. 47. I n t e r i o r  Pressure  Measurements a t  x / a  = 0.0, r /a  = 0.150, 
and f = 708 Hz wi th  I n t e r n a l  Acoust ic  Damping. 
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Fig. 48. I n t e r i o r  Pressure Measurements a t  x / a  = 0 .0 ,  r / a  = 0.513, 
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Fig. 4 9 .  I n t e r i o r  Pressure  Measurements a t  x / a  = 0.0,  r / a  = 0.925, 
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I n t e r i o r  Pressure  Measurements a t  x /a  0 . 4 ,  8 = O", 
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Fig .  51. Interior Pressure Measurements at x/a = 0.8, 8 = O", 
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Fig. 52. I n t e r i o r  Pressure  Measurements a t  x / a  = 1 . 6 ,  8 = O o ,  
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Fig.  53. I n t e r i o r  P res su re  Measurements a t  r / a  = 0.150, 8 = O.O", 
and f = 708 Hz with  I n t e r n a l  Acoustic Damping. 
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Fig. 5 4 .  Inter ior  Pressure Measurements a t  r /a  = 0 . 5 1 3 ,  8 = O", 
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F i g .  55. Interior Pressure Measurements a t  r / a  = 0.925, 8 = o" ,  
and f = 708 Hz with Internal Acoustic Damping. 
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